Background {#Sec1}
==========

Hydrophobicity as a physicochemical property is frequently used to characterize secondary structures of proteins. Early on it was noted that this property of amino acids dominates the initial interactions during protein folding \[[@CR1], [@CR2]\]. In addition, the physicochemical properties of secondary structures depend on the properties of their amino acids and differ in relation to the native environment of the secondary structure, e.g., in solution or in membranes \[[@CR3]--[@CR5]\]. Considering this, it is not of surprise that the classification and characterization of amino acids according to their hydrophobicity attracted much attention.

In 1962 the first hydrophobicity scale of amino acids was formulated \[[@CR6]\]. In addition, a first model to calculate the difference in free energy for the unfolded and native form of the protein catalase in solution was established \[[@CR6]\]. Ever since many "hydrophobicity scales" were published. However, not all of these scales focus exclusively on hydrophobicity, but we will continue using this term. The information about hydrophobicity for the amino acids were extracted from biochemical experiments \[[@CR7]\], distributions of amino acids in different protein classes \[[@CR8], [@CR9]\], the capacity of amino acids to participate in hydrophobic or hydrophilic milieu \[[@CR10], [@CR11]\] or from in silico calculations \[[@CR12]\]. Today, about 98 "hydrophobicity scales" exist which contain a defined hydrophobicity value for each of the 20 amino acids. A high variance between these scales can be expected due to the variance of the underlying experimental approaches.

At the same time many hydrophobicity parameters for peptide classification have been developed for specific purposes. The overall hydrophobicity was introduced to globally classify peptides \[[@CR6]\]. In addition, a hydrophobic moment for detection of the helical membrane segments \[[@CR13]\], the alternating hydrophobicity for detection of membrane embedded ß-sheets \[[@CR14], [@CR15]\] or exact ß-strand score (EBSS) considering the frequency of amino acids pointing inward or outward of a ß-barrel \[[@CR16]\] has been defined.

In parallel many alternative algorithms and methods have been developed to predict protein properties based on hydrophobicity scales and classify them concerning environment (soluble, transmembrane) or function. Among them are routines for the prediction of transmembrane regions \[[@CR17]--[@CR20]\] or protein folding \[[@CR21]--[@CR25]\]. Even today, the hydrophobicity scales are often used to define properties of peptides within proteins \[[@CR26]--[@CR29]\]. However, the wealth of hydrophobicity scales complicates the process of scale selection and of the parameters to be calculated.

Thus, 50 years after formulation of the first scale we analyzed 98 different hydrophobicity scales present in the literature \[[@CR22], [@CR30], [@CR31]\]. We used the overall hydrophobicity, the hydrophobic moment for detection of α-helical and β-sheet transmembrane elements, the alternating hydrophobicity and the EBSS as parameters to evaluate their influences on the separation on different secondary structure pools. For the analysis of the different scales and parameters we developed a five dimensional consensus approach to define the quality of the combinatory usage. Finally, we clustered the hydrophobicity scales to classify their performance for general separation capacity of secondary structures, environmental specifications or subsets thereof. We found that the overall performance of the hydrophobicity scales is rather comparable irrespective of the strategy of generation. However, the application of more than one hydrophobicity parameter enhances the capacity of the pool separation, but the alternating hydrophobicity has the lowest impact on the separation capacity when compared with the other four parameters. In general hydrophobicity is suitable to classify transmembrane α-helices and β-sheets better than peptides with other secondary structures. However, specific pattern of four or five amino acids were identified in the different peptide pools analyzed.

Results and discussion {#Sec2}
======================

Sequence pools, hydrophobicity scales and parameter selection {#Sec3}
-------------------------------------------------------------

Different sequence pools were generated to study the separation capacity of hydrophobicity scales and hydrophobicity parameters. To this end, sequences of proteins with known structure were extracted from the ASTRAL40 (<http://scop.berkeley.edu/astral/>) database \[[@CR32]\] and dissected in sequences with exclusive α-helical, ß-sheet and random coil (random) content. The α-helical and ß-sheet sequences were further separated in pools representing transmembrane segments (tm-sheet, tm-helix) and soluble (s-sheet. s-helix; annotated as cytoplasmic). Subsequently, the two small individual transmembrane pools were expanded by one round of psi-blast using the sequences with structural information as bait. Psi-blast for the two small datasets using only sequences of known secondary structures was performed to reach an increase of highly similar sequences from the bait sequence pools. To prevent overfitting of the two pools, filtering for redundant and similar (\>95 % sequence identity) sequences was performed. This approach was required to avoid artifacts by comparing drastically different volumes and peptide densities. Otherwise, a small volume could result in an unjustified good separation value. The other three pools (random, s-helix, s-sheet) were not expanded leading to the final sequence number for the five different secondary structure pools (tm-sheet, tm-helix, s-sheet, s-helix, random) (Table [1](#Tab1){ref-type="table"}; Additional file [1](#MOESM1){ref-type="media"}: Table S1, Additional file [2](#MOESM2){ref-type="media"}: Table S2).Table 1Sequence pools based on secondary structure dissectionAbbr.SequencesDescriptionNamerandom16447Non-transmembrane random coilsRandom coils-sheet8134Non-transmembrane β-sheetsSoluble β-sheetss-helix34452Non-transmembrane α-helicesSoluble α-helicestm-sheet4407Transmembrane β-sheetsTrans-membrane β-sheetstm-helix9922Transmembrane α-helicesTrans-membrane α-helicesAll peptides have a minimal length of ten amino acids required for EBBS based analysis. Soluble pools contain only peptides with the defined SSE, while the trans-membrane pools contain both, peptides with the given SSE only and with the given SSE and additional amino acids to reach a length of ten amino acids

Further, we implemented an in silico tryptic \[K (Lysine)/R (Arginine)\] digest of the whole ASTRAL40 \[[@CR32]\] database. On the one hand, this approach yields peptides with mixed structural content. On the other hand, on the base of these peptides we wanted to test whether peptides identified by mass spectrometric approaches typically generated by tryptic digest can be used to define topologies of proteins. These sequences were classified according to their continuous (dc-sheet, dc-helix, dc-random) or discontinuous (dd-sheet, dd-helix, dd-random) dominating secondary structure elements (SSE). Peptides without dominating SSE are clustered concerning their portion of different SSE (no-helix, no-sheet, no-random, all). In addition, sequences with transmembrane content were pooled individually for the SSE helix and sheet (krtm-helix, krtm-sheet, Table [2](#Tab2){ref-type="table"}). Combining the pools generated by in silico tryptic digestion or based on known secondary structure approaches, we ended up with 17 different sequence pools. Each of the 17 different sequence pools contains a discrete number of sequences (Tables [1](#Tab1){ref-type="table"}, [2](#Tab2){ref-type="table"}).Table 2Sequence pools based in silico K/R-digestionAbbr.SequencesDescriptiondc-helix8208Dominating SSEα-helix; continuousdc-sheet1978β-sheet; continuousdc-random4490random coil; continuousdd-helix5154α-helix; discontinuousdd-sheet3322β-sheet; discontinuousdd-random2331random coil; discontinuousno-helix11039No dominating SSEβ-sheets and random coilsno-sheet7770α-helices and random coilsno-random281β-sheets and α-helicesall22237β-sheets, a-helices, and random coilskrtm-helix214TM α-helices with additional AA at N- or C-terminuskrtm-sheet119TM β-sheets with additional AA at N- or C-terminusAll peptides have a minimal length of ten amino acids (AA). Dominating SSE stands for SSE content larger than 70 % of all AA. Continuous means that this SSE is without gap*TM* transmembrane. The nomenclature is as follows: *dc* peptide derived by in silico tryptic digest with continuous structural element, *dd* peptide derived by in silico tryptic digest with discontinuous structural element, *krtm* peptide derived by in silico tryptic digest (kr) with transmembrane segment

After gathering the test pools different hydrophobicity scales were extracted from literature (Tables [3](#Tab3){ref-type="table"}, [4](#Tab4){ref-type="table"}; Additional file [1](#MOESM1){ref-type="media"}: Table S1). The 98 selected scales cover experimentally developed scales, calculated scales as well as scales which have been created by improving pre-existing scales. In addition, eight scales represent the reverse algebraic numeral scales to other scales to test if the algebraic numeral has an influence on the results.Table 3Improved, calculated and inverted hydrophobicity scalesIDYearAuthorScaleRef.Improved651968ZimmermanZIMJ680101\[[@CR36]\]541971Tanford and NozakiNOZY710101\[[@CR37]\]291975JonesJONES\[[@CR35]\]631975JonesJOND750101\[[@CR35]\]781976LevittLEVIT\[[@CR44]\]271982Kyte and DoolittleKYTJ820101\[[@CR38]\]121983Sweet and EisenbergSWER830101\[[@CR42]\]831983Sweet and EisenbergSWEET\[[@CR42]\]31984EisenbergESID840101\[[@CR45]\]511984EisenbergEISEN\[[@CR45]\]471985GuyGUYH850101\[[@CR46]\]741985GuyGUYFE\[[@CR46]\]801985RoseROSEF\[[@CR47]\]571985RoseROSG850102\[[@CR47]\]821987CornetteNNEIG\[[@CR41]\]411989Cohen and KuntzCOHEN\[[@CR48]\]441998JureticMDK0\[[@CR22]\]451998JureticMDK1\[[@CR22]\]241998JureticJURD980101\[[@CR22]\]892005ZvilingSET1\[[@CR12]\]902005ZvilingSET2\[[@CR12]\]912005ZvilingSET3\[[@CR12]\]Calculated381976ChothiaCHOTA\[[@CR49]\]501976ChothiaCHOC760103\[[@CR49]\]751976ChothiaCHOTH\[[@CR49]\]721980PonnuswamyPONNU\[[@CR8]\]811983Sweet and EisenbergSweet and Eisenberg\[[@CR41]\]361985KideraKIDER\[[@CR50]\]391985RoseROSEB\[[@CR47]\]551985WellingWelling\[[@CR51]\]531986Rao and ArgosRao and Argos\[[@CR52]\]701989FasmanFASG890101\[[@CR48]\]791989FasmanGIBRA\[[@CR48]\]Inverted921973Bull and BreeseBULDG reverse\[[@CR53]\]641976LevittLEVM760101 reverse\[[@CR54]\]952001BishopBishop reverse\[[@CR55]\]591996Wimley and WhiteWimley reverse\[[@CR56]\]941985WellingWelling reverse\[[@CR51]\]261986EngelmanENGD860101 reverse\[[@CR39]\]401985RoseROSEA reverse\[[@CR47]\]211995WilceWILM950103 reverse\[[@CR7]\]231995KuhnKUHL950101 reverse\[[@CR57]\]111990PrabhakaranPRAM900101 reverse\[[@CR58]\]961989FasmanFASG890101 reverse\[[@CR48]\]931985GuyGUYH850101 reverse\[[@CR46]\]251985KideraKIDA850101 reverse\[[@CR50]\]981988RosemanROSM880102 reverse\[[@CR59]\]881988RosemanROSM880103 reverse\[[@CR59]\]971988RosemanROSM880101 reverse\[[@CR59]\]841981WolfendenWOLR810101 reverse\[[@CR60]\]Shown are the category of the scale (column 1), the ID of the hydrophobicity scale (column 2) the year of the publishing (column 3), the name of the authors (column 4) and the name of the scale (column 5)Table 4Experimental hydrophobicity scalesIDYearAuthorScaleRef.461973Bull and BreeseBULDG\[[@CR53]\]41978Manavalan and PonnuswamyMANP780101\[[@CR61]\]761979Heijne and BloombergVHEG790101\[[@CR62]\]521979JaninJANJ790102\[[@CR63]\]731979JaninJANIN\[[@CR63]\]371979Wolfenden and CullisWOLR790101\[[@CR60]\]51980PonnuswamyPONP800101\[[@CR8]\]61980PonnuswamyPONP800102\[[@CR8]\]71980PonnuswamyPONP800103\[[@CR8]\]81980PonnuswamyPONP800104\[[@CR8]\]91980PonnuswamyPONP800105\[[@CR8]\]101980PonnuswamyPONP800106\[[@CR8]\]491981WilsonWilson\[[@CR64]\]611982ArgosARGP820101\[[@CR65]\]621983Fauchere and PliskaFAUJ830101\[[@CR11]\]711983Fauchere and PliskaFAUCH\[[@CR11]\]481985Miyazawa and JerningenMIYS850101\[[@CR66]\]281986EngelmanENGEL\[[@CR39]\]771988RosemanROSEM\[[@CR59]\]421989Jacobs and WhiteJACWH\[[@CR67]\]561990ParkerPARJ860101\[[@CR68]\]851990Cowan and WhittackerCowan Whittacker\[[@CR59]\]861988RosemanROSM880101\[[@CR59]\]871988RosemanROSM880102\[[@CR59]\]681990Cowan and WhittackerCOWR900101\[[@CR69]\]691991Black and MouldBLAS910101\[[@CR70]\]431992Cassari and SipplCASSI\[[@CR71]\]11992CidCIDH920101\[[@CR9]\]21992CidCIDH920105\[[@CR9]\]301992CidCIDBB\[[@CR9]\]311992CidCIDA+\[[@CR9]\]321992CidCIDAB\[[@CR9]\]331993Ponnuswamy and GromihaPONG1\[[@CR72]\]341993Ponnuswamy and GromihaPONG2\[[@CR72]\]351993Ponnuswamy and GromihaPONG3\[[@CR72]\]671993Ponnuswamy and GromihaPONP930101\[[@CR73]\]191995WilceWILM950101\[[@CR7]\]201995WilceWILM950102\[[@CR7]\]221995WilceWILM950104\[[@CR7]\]601996Wimley and WhiteWimley\[[@CR56]\]582001BishopBishop\[[@CR55]\]132001Naderi-ManeshNADH010101\[[@CR40]\]142001Naderi-ManeshNADH010102\[[@CR40]\]152001Naderi-ManeshNADH010103\[[@CR40]\]162001Naderi-ManeshNADH010104\[[@CR40]\]172001Naderi-ManeshNADH010106\[[@CR40]\]182001Naderi-ManeshNADH010107\[[@CR40]\]662001Naderi-ManeshNADH010105\[[@CR40]\]Shown are the ID of the hydrophobicity scale (column 1), the year of the publishing (column 2), the name of the authors (column 3) the name of the scale (column 4) and a relevant reference the scale was extracted from

To investigate the separation capacity of the selected hydrophobicity scales on the different defined sequence pools five measurement parameters have been defined (Table [5](#Tab5){ref-type="table"}). The EBSS \[[@CR16]\], the alternating hydrophobicity \[[@CR14], [@CR15]\] and the hydrophobic moment calculated for β-sheets with an angle of 180° \[[@CR13]\] are hallmarks for hydrophobic content, while the hydrophobic moment calculated for α-helices \[[@CR14]\] and the average hydrophobicity \[[@CR33]\] are used to identify α-helical transmembrane regions (hydrophobic-moment α). Each of the parameters was calculated in a sliding window of ten amino acids. The largest and smallest value for each peptide was considered as outlined below.Table 5Hydrophobicity parametersIndexNameDescription0Max. exact β-strand score (EBSS)Parameter to score the probability of a sequence with ≥10 AA to be a TM β-sheet \[[@CR16]\]1Min. exact β-strand score (EBSS)2Max. alternating hydrophobicityHigh alternating hydrophobicity probing for polar and unpolar AA alternation typical for transmembrane β-sheets \[[@CR14], [@CR15]\]3Min. alternating hydrophobicity4Max. hydrophobicity-moment αAnalyzing the distribution of hydrophobicity considering the amino acid distribution in α-helices with an angle between amino acids of 100° to probe for potential to form a TM α-helix \[[@CR13]\]5Min. hydrophobicity-moment α6Max. hydrophobicity-moment βAnalyzing the distribution of hydrophobicity considering the amino acid distribution of β-sheets with an angle between amino acids of 180° to probe for potential to form a TM β-sheet \[[@CR13]\]7Min. hydrophobicity-Moment β8Max. average hydrophobicityAverage hydrophobicity of the peptide \[[@CR33]\]9Min. average hydrophobicityShown are the index (column 1), the name (column 2) and the description of the used hydrophobicity parameters (column 3). The description is equal for the minimum and maximum of the used hydrophobicity parameter

The relation of the hydrophobicity scales {#Sec4}
-----------------------------------------

We clustered the hydrophobicity scales by comparing the hydrophobicity value for each amino acid to each other. The variance of the different hydrophobicity scales was analyzed by Pearson correlation. The values obtained were used to calculate the dissimilarity ($\documentclass[12pt]{minimal}
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                \begin{document}$$= \sqrt { 1\,{ - }\,{\text{correlation}}^{2} }$$\end{document}$) to create an Unweighted Pair Group Method with Arithmetic mean (UPGMA) tree of the hydrophobicity scales via MEGA6 \[[@CR34]\]. The tree was used to cluster those scales to groups of similar amino acid value behavior setting a threshold (Fig. [1](#Fig1){ref-type="fig"}; Additional file [2](#MOESM2){ref-type="media"}: Table S2). The linearized UPGMA tree of the 98 hydrophobicity scales was inspected to split the scales in clusters using a threshold of a maximal dissimilarity of 0.05. The created clusters were named alphabetically. The UPGMA tree was circled to give an overview of all 98 hydrophobicity scales and their position at a glance (Fig. [1](#Fig1){ref-type="fig"}).Fig. 1Clustering of hydrophobicity scales. Shown is the UPGMA tree of the clustered hydrophobicity scales based on the normalized amino acid value distances (see "[Methods](#Sec10){ref-type="sec"}" section). The hydrophobicity scales are clustered to groups (*a* to *z*) within similarity larger than 0.07

As expected, the hydrophobicity scales generated by inverting the amino acid values cluster with the original scales (Table [3](#Tab3){ref-type="table"}). However, not all hydrophobicity scales that have been created by the same experimental approach or by the same author cluster together (Table [4](#Tab4){ref-type="table"}). Most prominent examples are (i) the scales generated by Jones (scales 29, 63; JONES, JOND750101; cluster K) \[[@CR35]\] which adjusted the scale of Zimmerman (scale 69; ZIMJ680101; cluster J) \[[@CR36]\] by considering experimental derived values (scale 54, Tanford; cluster A) \[[@CR37]\]; or (ii) the scales proposed by Zviling (scales 89-91; SET1-3; cluster I) \[[@CR12]\] that have been based on the scales of Kyte and Doolittle (cluster B) \[[@CR38]\] and Engelman (cluster A) \[[@CR39]\].

Calculation of separation capacity of hydrophobicity scales {#Sec5}
-----------------------------------------------------------

Next we analyzed the capacity of the 98 hydrophobicity scales to separate the 17 defined sequence pools. The initial analysis was based on all five hydrophobicity parameters. For each parameter the maximal and minimal value for each peptide was calculated (Table [5](#Tab5){ref-type="table"}). However, we realized that the simultaneous application of the minimal and maximal value of the same parameter does not increase the separation performance. By this we limit the parameter selection too either the minimal or the maximum value. We calculated the 32 parameter combinations (five parameter and alternating minimal and maximal value) for each peptide for all 98 hydrophobicity scales. The resulting five dimensional vectors for each peptide and each hydrophobicity scale were used to define five dimensional clouds for each pool and each specific hydrophobicity scale.

For the analysis of the separation capacity (Fig. [2](#Fig2){ref-type="fig"}, right) of a scale between two clouds of sequence pools we calculated the overlap volume (Fig. [2](#Fig2){ref-type="fig"}, left) and the number of peptides within the overlap (Fig. [2](#Fig2){ref-type="fig"}, middle). The size of the overlap volume and the number of peptides within the overlap volume negatively correlates with the separation capacity for two sequence pools. Further, we defined the "convex envelope" as described in the "[Methods](#Sec10){ref-type="sec"}" section. Next we removed all peptides, which are part of the convex envelope. We recalculated the volumes of the pools and repeated the last step of the routine with the new volumes. Removing the peptides on the convex envelope was performed because the presence of only few peptides positioned distantly from the other peptides could increase the volume drastically. In case that the peptides are positioned close to others the volume did not change significantly and thus, this step improved the reliability of assignment of the majority of peptides.Fig. 2Scoring scheme. Shown is the scoring scheme of the separation of two sequence pools. Both sequence pools (*dark grey* area, *grey* area) build a cloud. The overlap of both clouds (*light grey* area) as well as the sequences (*bold* points) in this overlap is used to calculate the separation capacity. The *circle* surrounding both clouds represents the volume of the outlayer

Next, we defined a separation capacity score (Formula 1) to rank all scenarios. S~v~ is a score based on the volume of the overlap in relation to the volumes of the two clouds. For S~p~ we counted all peptides in the overlap volume of two sequence pools and set them in relation to all peptides of the two clouds. The score S is scaled between zero (both clouds totally overlap) and one (no peptides in overlap volume) and gives the quality of a certain hydrophobicity scale for the separation of two defined pools.

### Formula 1 {#FPar1}

Separation capacity score$$\documentclass[12pt]{minimal}
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                \begin{document}$$\begin{aligned} S &= S_{v} *S_{p} ;\quad S_{v} = 1 - \left( {2* \frac{{V_{ov} }}{{(V_{1} + V_{2} )}}} \right) ;\\ S_{p} &= 1 - \left( {\frac{{P_{ov} }}{{(P_{1} + P_{2} )}}} \right) \end{aligned}$$\end{document}$$

Here, P~1~ and P~2~ are the total numbers of peptides of pool 1 and 2, P~*ov*~ is the number of all sequences in the overlap volume, V~1~ and V~2~ are the volumes defined by the sequence pools 1 and 2, and V~*ov*~ is the overlapping volume of both pools. The number of V~i~ and P~i~ was always i = 2 because two pools were analyzed in parallel.

The general S value was calculated for each scale for the sequence pools based on secondary structure dissection (Table [1](#Tab1){ref-type="table"}; Fig. [3](#Fig3){ref-type="fig"}a, orange line), the sequence pools generated by in silico digestion (Table [2](#Tab2){ref-type="table"}; Fig. [3](#Fig3){ref-type="fig"}a, blue line) and both together, the sequence pools based on secondary structure dissection and the sequence pools generated by in silico digestion (Fig. [3](#Fig3){ref-type="fig"}a, green line: mixed). While all scales perform similar for the pool derived by digestion or by combining all pools, a distinction is found for the "structure" pool. The three best performing hydrophobicity scales are 14, 15 (NADH010102, NADH010103; Table [4](#Tab4){ref-type="table"}) \[[@CR40]\] and 82 (NNEIG; Table [3](#Tab3){ref-type="table"}) \[[@CR41]\]. Scales 14 and 15 are experimental hydropathic scales and based on self-information values of a two state model with 9 and 16 % protein surface accessibility. Scale 82 is an improvement of the scale of Sweet and Eisenberg from 1983 \[[@CR42]\] using the eigenvalues of a normalized nearest neighbor matrix.Fig. 3Separation of pools by hydrophobicity scales. **a** Shown is the overall separation value for each hydrophobicity scale for the secondary structure (*orange*), in silico tryptic digest (*blue*) and mixed (*green*) sequence pools as area plot. The hydrophobicity scales are sorted from highest to lowest value. **b** The same as in **a** but the separation value is calculated for the cluster of hydrophobicity scales

In parallel, the average S value for the clusters of hydrophobicity scales (Fig. [1](#Fig1){ref-type="fig"}) defined according to the UPGMA-tree was calculated (Fig. [3](#Fig3){ref-type="fig"}b). The average S values observed for the peptide pools obtained by in silico tryptic digest (Fig. [3](#Fig3){ref-type="fig"}b, blue) or by the combination of peptide pools generated by the two strategies (Fig. [3](#Fig3){ref-type="fig"}b green) do not show a dependence on the selected cluster. Only for the secondary structure peptide pools the observed average S values differ between 0.28 for the cluster B and 0.13 for cluster X. Moreover, after sorting the clusters according to the average S values for the secondary structure peptide pools the order of clusters does not follow the order in the UPGMA tree (Fig. [3](#Fig3){ref-type="fig"}b, orange).

Separation of specific structure pools via hydrophobicity {#Sec6}
---------------------------------------------------------

The moderate separation capacity of all hydrophobicity scales using all 17 sequence pools prompted us to inspect the separation of the individual sequence pool pairs. The results are exemplified for the separation value for the best performing scale 14 \[[@CR40]\] (Fig. [4](#Fig4){ref-type="fig"}a) as well as the maximal separation capacity out of all 98 hydrophobicity scales for each pairwise sequence pool combination (Fig. [4](#Fig4){ref-type="fig"}b). Globally, the S values obtained for the pairwise pool separation by maximal separation capacity out of all 98 hydrophobicity scales (Fig. [4](#Fig4){ref-type="fig"}b) are in general larger than the S values obtained by using the best performing scale 14 only.Fig. 4Separation capacity of specific sequence pools. Shown is the pairwise separation capacity for the scale 14 (**a**) and for the best value of any of all hydrophobicity scales as radar plot (**b**) focusing on separation capacity below 0.4 (*left*) and above 0.4 (*right*). Each *line* represents one pool, at which the separation to all other pools is represented by the according *symbol*

In detail, the three pools with transmembrane α-helix (krtm-helix), with transmembrane β-sheet (krtm-sheet) or without random coil content (no-random) generated by digestion have the largest S value while analyzing the overlap with other sequence pools, irrespective whether the best scale (Fig. [4](#Fig4){ref-type="fig"}a) or the best value (Fig. [4](#Fig4){ref-type="fig"}b) is considered. In contrast, the secondary structure transmembrane pools (tm-sheet, tm-helix) show low S values while analyzing the overlap with other pools. Nevertheless, the S values of the secondary structure transmembrane pools are larger than the S values found while analyzing the overlap of the remaining sequence pools (Fig. [4](#Fig4){ref-type="fig"}b).

Remarkably, high S values were found when the overlap between the two secondary structural transmembrane pools (tm-sheet, tm-helix) and the three pools with transmembrane α-helix (krtm-helix), with transmembrane β-sheet (krtm-sheet) or without random coil content (no-random) generated by digestion was calculated. This might suggest that the regions flanking the transmembrane domain present in the sequences of the peptide pools generated by digestion provide additional information. This information in combination with the hydrophobicity might give an additional signature for such domains. Hence, in silico digestion with subsequent analysis by the described parameters using e.g. the hydrophobicity scale 14 can be used to detect transmembrane helices and sheets.

With respect to the remaining pools we observed that the S value obtained while analyzing the overlap of the secondary structure pools (s-sheet, s-helix and random) is higher when compared to the pools containing sequences with mixed structures (Fig. [4](#Fig4){ref-type="fig"}a, b). This result is expected, as the chosen parameters detect the individual elements and a mixture thereof yields mixed information.

Consequently, we analyzed the performance of the individual hydrophobicity parameters and the usage of the multi-dimensional approach. We realized that the S value is more dependent on the combination of the hydrophobicity parameter in a multi-dimensional vector than on a specific hydrophobicity scale (Additional file [3](#MOESM3){ref-type="media"}: Fig. S1). Including the top 5 % of all scenarios for separating two pools from each other (Fig. [5](#Fig5){ref-type="fig"}a) the influence of the different parameter varies significantly (Fig. [5](#Fig5){ref-type="fig"}b). It becomes obvious that the average hydrophobicity and EBSS have the strongest impact on the separation quality, while the alternating hydrophobicity previously thought to specifically recognize transmembrane β-strands \[[@CR14], [@CR15]\] has the lowest impact on separation. Only for the mixed situation we observed that the alternating hydrophobicity has no impact at all. Thus, the overall performance is dependent on all parameter although to a different extent.Fig. 5Influence of hydrophobicity parameter for separation. **a** Shown is the percentage of scenarios reaching a specific separation values for all sequence pools including outliers (*dashed line*) and without outliers (*solid line*). The *dash-dotted line* shows the best separated 5 % of all scenarios and serves as marginal value to detect the threshold for analyzing the influence of the different hydrophobicity parameter to the separation. **b** Shown is the influence on separation of the ten hydrophobicity parameters (Table [5](#Tab5){ref-type="table"}) for the secondary structure based sequence pools (*black*), the sequence pools generated by digestion (*white*) and the combination of both (*grey*). The hydrophobicity parameters are paired (max., min.). The separation influence is calculated as absolute value of the difference between observed and expected frequency of the best 5 % of separated scenarios (Fig. 5a)

Benefit of amino acid pattern to separate specific structure pools {#Sec7}
------------------------------------------------------------------

An amino acid based approach for the different structure pools was subsequently considered in addition to the hydrophobicity based separation. At first the amino acid composition of the different pools was analyzed, which did not yield a significant difference between the individual pools (Additional file [4](#MOESM4){ref-type="media"}: Table S3).

Thus, the occurrence of amino acid patterns of two to five amino acids was analyzed utilizing a markov chain approach (Fig. [6](#Fig6){ref-type="fig"}; "[Methods](#Sec10){ref-type="sec"}" section). Nearly all (\~80 %) detected amino acid patterns up to the length of three occur in each of the different sequence pools. The number of globally occurring amino acid patterns of a length of four drops down to 60 %. An elongation of the pattern length to more than five amino acids results in coverage of less than 5 % and thus, is not of use for separation. Thus, the exclusive appearance or at least overrepresentation of amino acid patterns of four and five amino acids in the distinct sequence pools was analyzed.Fig. 6Amino acid pattern distribution. Shown is the percentage of occurrence of all possible amino acid pattern of a specific length in the different sequence pools. The length of the pattern varies from 2 to 5. 2 AA *black circle*; 3 AA *red circle*; 4 AA *green triangle down*; 5 AA *yellow triangle up*

We identified several peptides of four (Table [6](#Tab6){ref-type="table"}; Additional file [5](#MOESM5){ref-type="media"}: Table S4) and five amino acids that are specific or at least enriched in peptides of a certain pool (Table [7](#Tab7){ref-type="table"}; Additional file [6](#MOESM6){ref-type="media"}: Table S5). Analyzing the frequency of occurrence of these peptides revealed that patterns with four amino acids are only very moderately specific as only very few are at least 50-fold more frequent in a certain pool than in general (Table [6](#Tab6){ref-type="table"}). In turn, patterns with five amino acids can serve as an additional discriminator because patterns with 500-fold higher frequency in a specific pool than in the overall sequence pool exist (Table [7](#Tab7){ref-type="table"}). This holds true particularly when the sequence pools generated by the same strategy (Tables [1](#Tab1){ref-type="table"}, [2](#Tab2){ref-type="table"}) are compared. This information can only be taken in addition to the hydrophobicity parameters, because occurrence of specific amino acid patterns in one specific structure pool compared to all pools as reference did not yield an adjusted p value below 0.05 for any amino acid pattern of length five. Nevertheless, detection of ß-strands in peptides can be supported by the detection of penta-peptides YLVNM (dc-sheet), LTVTG, TLDGG (dd-sheet), CGGSL and YGGVT (s-sheet). Remarkably, the penta-peptides observed for the structurally derived pool is not overlapping with the penta-peptides observed for the pool derived by in silico *tryptic* digestion which might suggest that the latter contain specific regions at the end of the strand. Moreover, amino acid patterns specific for the transmembrane ß-strands are SIGA (krtm-sheet, Table [6](#Tab6){ref-type="table"}), LYGKV, PTLDL and SASAG (tm-sheet, Table [7](#Tab7){ref-type="table"}). For peptides with mainly random content we found that S-GSSG-S, SGPSS or TILPL are enriched (random, dd-random; Table [7](#Tab7){ref-type="table"}). In turn, for pools mainly consisting of helical structures we found only one penta-peptide specific pattern for the structural pools with α-helix (s-helix; EELKK) and for the pool of peptides with the transmembrane α-helix (krtm-helix; YVFFG; Table [7](#Tab7){ref-type="table"}). Thus, a prescreening of sequence pools with these amino acid patterns might improve the classification quality.Table 6Patterns of four amino acidsSequence poolPeptideFO in poolAverage FO in remaining setAverage FO in remaining set GBSSdc-helixALAA0.00050880.00013360.0001327AALA0.00049700.00015450.0001559ALLE0.00037876.55e−056.82e−05dc-randomGSSG0.00280900.00020550.0001760SSGS0.00159900.00014050.0001205SGSS0.00143500.00010227.90e−05HHHH0.00077924.17e−052.41e−05EEEE0.00036912.28e−051.88e−05dc-sheetVLLV0.00034810.00010820.0001198dd-helix*EELL\*0.00036225.37e−055.67e−05LEEL\*0.00033726.47e−056.58e−05*dd-randomGSSG0.00069140.00033790.0003685SSGS0.00038720.00021630.0002307SGSS0.00030420.00017290.0001818SSGL0.00024894.35e−054.62e−05dd-sheet*GEVV\*0.00026474.57e−054.93e−05PDGT\*0.00024271.19e−051.53e−05DGSV\*0.00024272.88e−053.05e−05*no-helixSGSS0.00019500.00017970.0001918PDGS0.00015092.59e−053.24e−05no-randomVVGI0.00170104.14e−053.84e−05QELD0.0010210*1.13e*−*051.45e*−*05*no-sheetLEAL0.00030808.56e−059.38e−05random*GSSG\*0.00125100.00030292.53e−05*GPSS0.00074030.00019424.57e−05SGPS0.00065860.00015082.70e−05SSGS0.00053601.43e−05*6.00e*−*07*SGSS0.00051561.14e−05*3.60e*−*06*s-sheetVKVI0.00017042.9e−061.16e−05krtm-helixLGLL0.00124606.78e−055.58e−05VLLV0.00093417.16e−056.66e−05GIAL0.00093415.29e−054.11e−05tm-helixLLLL0.00044397.87e−054.07e−05LILL0.00040403.21e−051.25e−05LLLV0.00039904.38e−052.15e−05ILLL0.00038912.98e−051.73e−05krtm-sheetSIGA0.00120202.92e−05*1.69e*−*05*tm-sheetSGPL0.00045591.88e−051.20e−05SLNL0.00040791.96e−052.15e−05LYGG0.00040791.06e−059.80e−06Given are the sequence pool name (column 1) and peptide sequence with the highest frequency of occurrence (column 2); the frequency of occurrence (FO) of this peptide in the according pool (column 3), the frequency of occurrence of this peptide in the pool containing all sequences except the one of the analyzed pool (column 4), the frequency of occurrence of this peptide in the pool containing all sequences generated by the same strategy (GBSS) as the analyzed pool excluding the sequences of the analyzed pool (column 5). Italic shows peptides that have an at least 50-fold higher frequency, with respect to the remaining sets (column 4) or the remaining peptides generated by the same strategy (column 5). Peptide sequences with p values below 0.05 were marked by an asteriskTable 7Amino acid patterns of five amino acidsSequence poolPeptideFO in poolFO in remaining setFO in remaining set GBSSdc-helixALLDA0.00013115.50e−063.50e−06AALAA0.00013113.75e−054.50e−05ALDAA0.00011806.30e−065.50e−06AAALA0.00011801.31e−051.15e−05dc-randomGSSGS0.00164909.41e−057.02e−05SGSSG0.00153608.46e−056.15e−05SSGSS0.00151308.75e−056.31e−05HHHHH0.00058722.50e−051.33e−05dc-sheetVLVNA0.00019664.80e−06*1.10e*−*06*SDTVV0.0001966*2.50e*−*063.20e*−*06*KGTVT0.0001966*2.50e*−*062.20e*−*06*YLVNM^\#^0.0001311\<*1.00e*−*08*\<*1.00e*−*08*dd-helixLTEEE8.01e−052.10e−062.10e−06LTLEE9.34e−055.20e−067.30e−06ELLAD8.01e−057.50e−069.20e−06dd-randomGSSGS0.00035470.00017500.0001879SGSSG0.00032520.00016030.0001716SSGSS0.00032520.00016180.0001711GSSGL0.00017741.28e−051.35e−05TILPL^\#^0.0001182*1.20e*−*062.00e*−*07*dd-sheetTLDGG^\#^0.00011824.50e−06*2.00e*−*07*SVIDT9.52e−05*1.40e*−*06*2.10e−06LTVTG^\#^9.52e−052.80e−06*2.00e*−*07*no-helixGDSGG6.76e−052.20e−063.20e−06no-randomVGIVT^\#^0.0011290*5.00e*−*072.00e*−*07*TGHSL^\#^0.0007524*1.20e*−*061.70e*−*06*no-sheetSSGSS0.00020800.00016910.0001817SGSSG0.00019760.00016830.0001832allVIGGG4.35e−053.90e−062.70e−06IIGGG3.84e−052.50e−062.70e−06LADAG3.07e−052.00e−062.40e−06IVGAG3.07e−054.80e−066.00e−06GVDVV3.07e−051.20e−061.20e−06randomSGPSS^\#^0.0005350*2.00e*−*07*\<*1.00e*−*08*GSSGS^\#^0.00073010.0001515*7.00e*−*07*SGSSG^\#^0.00067440.0001385*7.00e*−*07*SSGSS0.00067440.0001399*8.00e*−*06*HHHHH0.00025084.60e−05*7.00e*−*07*s-helixEELKK^\#^5.49e−05\<*1.00e*−*08*\<*1.00e*−*08*s-sheetCGGSL^\#^0.00011246.60e−06\<*1.00e*−*08*GIVSW8.03e−054.80e−06*1.30e*−*06*YGGVT^\#^6.42e−051.01e−05\<*1.00e*−*08*krtm-helixLLVGI0.0004832*4.60e*−*062.60e*−*06*LAAVA0.0004832*7.20e*−*063.10e*−*06*FLAVL0.0004832*3.00e*−*061.20e*−*06*YVFFG^\#^0.0003221*7.00e*−*07*\<*1.00e*−*08*YPIVW0.0003221*5.40e*−*066.00e*−*06*tm-helixLILLL9.97e−05*1.00e*−*067.00e*−*07*LLLLV8.92e−053.10e−064.70e−06krtm-sheetTGTLE1.05e−055.40e−066.30e−06tm-sheetPTLDL^\#^0.00018782.77e−05\<*1.00e*−*08*LYGKV^\#^0.0001610\<*1.00e*−*08*\<*1.00e*−*08*SASAG^\#^0.0001342*1.40e*−*06*\<*1.00e*−*08*RQFNV0.0001342*2.20e*−*061.40e*−*06*Given are the sequence pool name (column 1) and sequence with the highest frequency of occurrence (column 2); the frequency of occurrence (FO) of this peptide in the according pool (column 3), the FO in the pool containing all sequences except the one of the analyzed pool (column 4), the FO in the pool containing all sequences generated by the same strategy (GBSS) excluding sequences of the analyzed pool (column 5). Italic shows peptides with at least 50-fold higher frequency with respect to all (column 4) or peptides of the same strategy (column 5). Hashtag after the pattern indicate 500-fold higher frequency in at least column 4 or column 5

Factors influencing pool separation {#Sec8}
-----------------------------------

The variation of separation capacity of hydrophobicity scales (Fig. [3](#Fig3){ref-type="fig"}) prompted the analysis of the impact of individual amino acid values. However, we did not realize any correlation between specific distribution of values for individual amino acid within the individual scales and the scale performance based on the 98 known hydrophobicity scales. As an alternative approach we created random hydrophobicity scales based on the 98 already known ones (Tables [3](#Tab3){ref-type="table"}, [4](#Tab4){ref-type="table"}). At first, the maximum and minimum amino acid values of the 98 real scales were used as interval to create 200 random hydrophobicity scales by assignment of a random value to each individual amino acid. Subsequently, several rounds of in silico evolution were performed to improve the separation capacity for the five different structural sequence pools (Fig. [7](#Fig7){ref-type="fig"}).Fig. 7Separation capacity using evolution of random in silico scales. Shown is the *box* plot of separation capacity distribution of the 98 real hydrophobicity scales (real), the 200 randomly created scales (random, see "[Methods](#Sec10){ref-type="sec"}" section) and the six in silico evolution steps (evoS1 to evoS6). The evolutionary optimization of the evolutionary approach was analyzed for the best performing scale identified after each step (*dashed line*) and the predicted plateau of 0.588 is shown as *dotted line*

After six rounds of in silico evolution the created random hydrophobicity scales reached a separation threshold of 0.6, which is comparable to the separation potential of the best performing hydrophobicity scale. This suggests that a limit of the potential of amino acid scales for the separation of structural sequence pools exists by 0.6. Furthermore, we realized during the evolution of the hydrophobicity scales that the value of some amino acids had greater positive or negative influence on the separation capacity like others.

After establishing the evolutionary scale, we aimed at an understanding which property of a scale has an impact on its separation capacity. At first, we tested whether the general order of amino acids with respect to their hydrophobicity value is important. We realized that it is not the overall order of the amino acid hydrophobicity values that influences the performance of the hydrophobicity scale (Additional file [7](#MOESM7){ref-type="media"}: Fig. S2). At second we analyzed whether the value of specific amino acids dominate the separation capacity of a scale. We realized high S values for hydrophobicity scales sharing rather comparable hydrophobicity values for Gln, His, Gly, Ser or Arg to the evolved scale or for scales with hydrophobicity values for Cys, Met, Lys, Val or Ile distinct from the evolved scale (Additional file [8](#MOESM8){ref-type="media"}: Fig. S3). Thus, the hydrophobicity value of some amino acids like Gln, His, Gly, Ser or Arg might be more important for the separation capacity of the scales than others.

Thirdly, we asked whether cluster of amino acids with comparable or rather distinct values exist within one scale, which lead to high S values. To this end we analyzed the difference between hydrophobicity values of amino acids of individual scales, namely of the in silico evolved scale, the experimental hydrophobicity scale with highest (best) and the scale lowest (worst) S value, respectively. Each scale was normalized as such that the highest hydrophobicity value within the scale was set to one and the lowest hydrophobicity value to zero. Subsequently the difference of hydrophobicity values of the amino acids of one scale was calculated (Additional file [9](#MOESM9){ref-type="media"}: Table S6). Finally we analyzed whether a pair of amino acids shows a very small (\<0.1, Fig. [8](#Fig8){ref-type="fig"}a green field) or very large (\>0.9, Fig. [8](#Fig8){ref-type="fig"}a, red field) difference of the hydrophobicity value within each of the three scales. Finally, we inspected which pairs of amino acids show a similar low difference in the experimental scale with highest S value and the evolutionary scale (Fig. [8](#Fig8){ref-type="fig"}a, orange frame). In addition, we selected amino acids pairs with very different hydrophobicity value at least in one of the two scales (Fig. [8](#Fig8){ref-type="fig"}a, blue frame) and such pairs where the difference was small in one and large in the other one of these two scales (Fig. [8](#Fig8){ref-type="fig"}a, yellow frame).Fig. 8Distance of amino acid value in hydrophobicity scales. **a** Calculated was absolute difference between the values of two amino acids for the best performing evolutionary derived scale (*first box*), of scale 14 (highest S value, *second box*) and of scale 40 (lowest S value, *third box*) after normalization of the scales to (X-min)/(max--min). *Green boxes* mark distances below 0.1, *dark green boxes* below 0.01, *red boxes* distance above 0.9 and *dark red boxes* distance above 0.99. Combination framed in *orange* mark amino acids for which values should be rather similar as concluded from the low difference in the best performing and the evolutionary evolved scale, *blue frames* mark amino acid combinations for which values should be rather different as concluded from the low difference in the best performing and the evolutionary evolved scale and *yellow frames* mark amino acid combination for which the value difference is irrelevant. **b** The clusters with comparable (*black lines*) or distinct amino acids values (*blue lines*) are shown. **c** The *arrow* indicates the distance of amino acid values that should be present in a good performing scale

Inspecting the information we realized that a large difference of the hydrophobicity values for glutamate and arginine to each other exists. In addition, the hydrophobicity value of glutamate is most distant to the hydrophobicity values of tyrosine, tryptophan, leucine and isoleucine, respectively Fig. [8](#Fig8){ref-type="fig"}a, blue frame). The hydrophobicity value of arginine is distant to the value of phenylalanine and methionine (Fig. [8](#Fig8){ref-type="fig"}a, blue frame). In turn, three distinct clusters of amino acids with comparable hydrophobicity values become obvious (Fig. [8](#Fig8){ref-type="fig"}a, orange frames). Considering all pairs one can draw relations of the hydrophobicity values within these clusters. Interestingly, the hydrophobicity values of cluster three are most distant form arginine (Fig. [8](#Fig8){ref-type="fig"}b), while the hydrophobicity values of cluster one are most distant to glutamate. However, these clusters do not correlate with the amino acid pattern detected for the specific sequence pools (Tables [6](#Tab6){ref-type="table"}, [7](#Tab7){ref-type="table"}) and moreover, they do not necessarily represent the physicochemical properties of the amino acids.

Conclusion {#Sec9}
==========

We demonstrate that most of the hydrophobicity scales reach the same level of peptide separation capacity (Figs. [3](#Fig3){ref-type="fig"}, [4](#Fig4){ref-type="fig"}) and thereby, the method by which the scale was generated has no direct influence on clustering or separation capacity (Figs. [1](#Fig1){ref-type="fig"}, [3](#Fig3){ref-type="fig"}). Nevertheless, if at all we realized that the scale 14 defined by Naderi-Manesh developed in 2001 \[[@CR40]\] performs somewhat better than the other hydrophobicity scales. We propose a rule of thumb for experimentalists that aim to use a hydrophobicity scale for identification of peptides with transmembrane segments from a pool of peptides. The hydrophobicity value of arginine and tyrosine should be most distant from the value of glutamate, while the hydrophobicity values of Asn, Asp, His, Lys should be in the center of the scale (Fig. [8](#Fig8){ref-type="fig"}c). We further observed that separation of sequence pools defined by known secondary structures is more likely than separation of sequence pools with a combination of secondary structures derived from in silico digestion (Figs. [3](#Fig3){ref-type="fig"}, [4](#Fig4){ref-type="fig"}), but the tryptic digested sequence pools with helical and strand content or transmembrane ß-strand or α-helix content are best separable from the other pools (Fig. [4](#Fig4){ref-type="fig"}). Nevertheless, we realized a threshold of S = 0.6, irrespective of the nature of the scale, which is supported by an in silico approach to optimize the scale (Fig. [7](#Fig7){ref-type="fig"}). In turn, the separation capacity depends on the number of parameter calculated (Additional file [3](#MOESM3){ref-type="media"}: Fig. S1), although we realized that the alternating hydrophobicity has the lowest capacity for sequence pool separation (Fig. [5](#Fig5){ref-type="fig"}). Remarkably, we observed that detection of ß-strands in peptides can be supported by the detection of penta-peptides (Fig. [6](#Fig6){ref-type="fig"}) because such peptides have been detected in the structural pool and in the pools generated by simulated tryptic digest (Table [7](#Tab7){ref-type="table"}). Similarly, amino acid patterns specific for the transmembrane ß-strands (Tables [6](#Tab6){ref-type="table"}, [7](#Tab7){ref-type="table"}) or largely random content (Table [7](#Tab7){ref-type="table"}) have been observed. In turn, for pools mainly consisting of helical structures only one specific penta-peptide for soluble (s-helix) and transmembrane (krtm-helix) α-helices could be detected (Table [7](#Tab7){ref-type="table"}). Summarizing, the quality of separation of sequence pools depends rather on the parameter used for calculation than on the scale used and can be supported by the search for specific amino acid pattern.

Methods {#Sec10}
=======

Hydrophobicity scales {#Sec11}
---------------------

98 hydrophobicity scales (Tables [3](#Tab3){ref-type="table"}, [4](#Tab4){ref-type="table"})---16 are only reversed algebraic figures of other scales in the set were extracted from three different sources (<http://www.genome.jp/aaindex/> \[[@CR30]\]; <http://split4.pmfst.hr/split/scales.html> \[[@CR22]\]; <http://web.expasy.org/protscale/> \[[@CR31]\]). The path of hydrophobicity scales development is given in Additional file [10](#MOESM10){ref-type="media"}: Fig. S4.

Hydrophobicity parameter {#Sec12}
------------------------

Five different hydrophobicity parameters (Table [5](#Tab5){ref-type="table"}) were used to analyze their influence on the separation capacity. For all of those hydrophobicity parameters we used contrary pairs (max. and min.) of the parameters to look for potential differences. The EBBS \[[@CR16]\] should be able to detect β-sheets, whereas the alternating hydrophobicity \[[@CR14], [@CR15]\] should be more specific to detect transmembrane β-sheets. The hydrophobicity moment α and β \[[@CR13]\] were used to identify α-helices and β-sheet in general. The last parameter was the average hydrophobicity, which had no preferentially detectable secondary structure so far.

Structure pools {#Sec13}
---------------

The known secondary structure pools (Tables [1](#Tab1){ref-type="table"}, [2](#Tab2){ref-type="table"}) were extracted from the ASTRAL40 database \[[@CR32]\] and differed in random coil (random), cytosolic β-sheets (s-sheet), cytosolic α-helix (s-helix), transmembrane β-sheet (tm-sheet) and transmembrane α-helix (tm-helix). Further, we implemented an in silico tryptic digest approach to split sequences after Lysine (K) and Arginine (R) of the whole ASTRAL database and classified the peptide fragments concerning their secondary structures. These were divided in fragments containing a (i) continuous dominating SSE (dc), (ii) discontinuous dominating SSE (dd), (iii) no dominating SSE but only two different structures (no-), (iv) all three secondary structures (all) or (v) transmembrane sheet or helix fragments (krtm-).

Pool separation via hydrophobicity scales and parameter {#Sec14}
-------------------------------------------------------

### Cloud algorithm {#Sec15}

The algorithm to calculate the cloud is a two-step approach. All single peptide sequences of a specific secondary structure dissection pool (Table [1](#Tab1){ref-type="table"}) or in silico K/R-digestion pool (Table [2](#Tab2){ref-type="table"}) were used as input to calculate the cloud. Thereby, each peptide is represented by an n-dimensional vector (hyper volume; convex cover), where the values of the different hydrophobicity parameters (n ≤ 5 dimensions; represented by the minimum or maximum value using a specific hydrophobicity parameter from Table [5](#Tab5){ref-type="table"}) calculated based on a specific hydrophobicity scale (Tables [3](#Tab3){ref-type="table"}, [4](#Tab4){ref-type="table"}) are the components of this vector.(I)The initial cloud is calculated based on a randomly chosen as subset of \~30 points (peptides defined by vectors). Then, the cloud is expanded until each point is considered. In general, the algorithm calculates all distances and directions within the n-dimensional space between all given points (peptides) and tests if these sites are valid. A site is valid if all points of the entire cloud follow the direction of the hypersurface. By this it is determined if an added point lies within the so far calculated cloud.(II)The existing cloud is expanded point by point to determine the cloud by a set of sites between points. After each point the set of sites is updated by the procedure (i) and all remaining points are tested if these points are inner points or putative boundary points.(III)The final cloud volume is calculated based on the outer sites between the boundary points in the n dimensional space that form a convex envelope. All points are placed inside the cloud (inner points) or on the convex envelope (boundary points).

### Separation calculation {#Sec16}

All peptides of two structure pools in a given scenario were used to calculate the heuristic hypervolumes of each pool, respectively, defined by the hypersurface via a pipeline. A scenario is defined by the used number of dimensions represented by the selected hydrophobicity parameters, the selection of the hydrophobicity scale and which two structure pools are used for comparison. The number of the points (peptides) positioned by the according vector within the clouds was counted as well as the points within the overlap of both cloud volumes.

### Convex envelope {#Sec17}

We remove the boundary points (petides) of both structure pools building the convex envelope to avoid big volumes of the clouds based on outliers. We analyzed the volume and number of peptides per structure pool for all combinations with n = 5 dimensions and calculate the loss of peptides and loss of volume in percentage. Due to the high amount of combinations per structure pool (defined by number of hydrophobicity parameter and number of hydrophobicity scales) we calculate the minimum, maximum and average of volume and peptide reduction removing the boundary points (Additional file [11](#MOESM11){ref-type="media"}: Table S7). In average, this procedure leads to an elimination of 6.8 % peptide sequences of the structure pool, but a decrease of the according volume of 44.6 %. By that, removal of putative outlier cause on average a sevenfold increase of the volume per peptide. For pools with low amount of peptides (krtm-sheet, krtm-helix, no-random) the increase of the volume per peptide is lower, namely in the order of twofold. Nevertheless, this increase of density justifies the procedure.

Hydrophobicity scale clustering {#Sec18}
-------------------------------

For the hydrophobicity scale clustering the dissimilarity of the different pairs of hydrophobicity values for each amino acid was calculated. This was done by using autocorrelation between all pairs of the 98 different hydrophobicity scales. Afterwards, the Pearson correlation values were normalized to get the dissimilarity and used by MEGA6 \[[@CR34]\] to create an UPGMA tree of the dissimilarity. The clustering of the hydrophobicity scales was done by determining a threshold of 0.05 (5 %) for dissimilarity to split the tree in groups.

Amino acid pattern search {#Sec19}
-------------------------

For the amino acid pattern search the different structure pools were used. First, the peptide fragments were analyzed for all occurring amino acid patterns of a specific length based on a Markov chain algorithm of the MEME and MAST suite package (fasta-get-markov) \[[@CR43]\]. The algorithm estimates a Markov model from a FASTA file of sequences with previous filtering of ambiguous characters. For example a peptide of four amino acids in length has a conditional probability that one amino acid follows the other amino acid given a specific pool of peptide sequences. So the Markov chain allows the calculation of the transition probability from one state to another state and by this determines the probability of an amino acid occurring in an amino acid peptide of a certain length of a specific pool of peptides. In this approach all possible patterns were detected in the peptides starting from a pattern length of one and incrementing by all different 20 possibilities for each amino acid. The occurrence of the different pattern was normalized to one and compared to the occurrence of the other structure pools to determine the pairwise difference between the pools to detect pool specific pattern of specific length. Furthermore, we performed multiple testing with our identified pattern of length four and five amino acids. We used the Fisher exact test to calculate p values examining the significance of the contingency between occurrences of a specific pattern in relation to a specific structure pool. As reference we pooled all 17 structure pools together. To overcome artificial errors using multiple times the fisher exact test we used as post hoc test Benjamini/Hochberg false discovery rate (fdr) multiple test correction to adjust our p values (Additional file [5](#MOESM5){ref-type="media"}: Table S4, Additional file [6](#MOESM6){ref-type="media"}: Table S5, p values). All amino acid pattern of length four (Table [6](#Tab6){ref-type="table"}) and five (Table [7](#Tab7){ref-type="table"}) with an adjusted p value below α = 0.05 were marked in bold.

In silico creation of random hydrophobicity scales {#Sec20}
--------------------------------------------------

The generation of in silico hydrophobicity scales is based on the minimum and maximum hydrophobicity values extracted out of the 98 analyzed hydrophobicity scales, which were determined as borders for the interval. We used five structure pools to calculate the separation capacity score (dd-sheet, dd-helix, dd-random, krtm-sheet, krtm-helix). Two hundred random hydrophobicity scales were created. Based on the best in silico random hydrophobicity scale of the previous steps 2000 scales were created; 100 per amino acid. Half of the hydrophobicity scales per amino acid changed the hydrophobicity value of the single amino acid in the positive \[0.001:5\] and negative \[−0.001:−5\] interval (evo1 and evo2). In the following in silico evolution steps (evo3 to evo5) the top 100 newly generated hydrophobicity scales with best performance were analyzed to filter for amino acids which have an influence on the separation capsacity. Only these amino acids were changed in the evo steps evo3 to evo5 to analyze their influence. For evo3 100 hydrophobicity scales per amino acid were created changing within the interval \[0.001:10\] for E and Y and \[−0.001:−10\] for A, H, F and L. For evo4 200 hydrophobicity scales per amino acid were created changing within the interval \[0.001:20\] for E and \[−0.001:−20\] for A and H. In evo5 400 hydrophobicity scales were created changing within the interval \[0.001:40\] for E. Finally, in evo6 1000 random hydrophobicity scales based on the best scale of evo5 were created. For each amino acid 25 hydrophobicity scales were created changing within the positive \[0.001:5\] and 25 scales were created changing within the negative \[−0.001:−5\] interval.

Additional files {#Sec21}
================

10.1186/s40659-016-0092-5 Hydrophobicity scale values. Given is the index of the hydrophobicity scale (column 1), the year of publication (column 2), the authors (column 3), the name of the scale (column 4), the website for downloading the scale (column 5) and the hydrophobicity values for each amino acid (columns 6--25).10.1186/s40659-016-0092-5 Correlation of hydrophobicity scales. Given is the correlation matrix of the 98 hydrophobicity scales based on the hydrophobicity values of the 20 amino acids. The name of the scale (column 1 and line 1) as well as the index of the scales (column 2 and line 2) is given.10.1186/s40659-016-0092-5 Separation capacity using different parameter dimensions. Shown is the separation capacity using a different amount of hydrophobicity parameter (3--5 dimensions, see legend in B); (A) shows the separation of tryptic digested pools, (B) of secondary structure pools and (C) of all mixed pools. The 98 hydrophobicity scales on the X-axis are sorted descending the separation capacity in (B). A separation value of 0 means full-overlap of the pools and 1 means no overlap.10.1186/s40659-016-0092-5 Amino acid composition in sequence pools. Given are the sequence pool (column 1) and the occurrence of each amino acid in the given pools normalized to 1.10.1186/s40659-016-0092-5 Amino acid pattern of length 4. Given is the sequence pool 1 (column 1) and sequence pool 2 (column 2), the separation capacity between pools based on hydrophobicity (column 3), the maximal difference in the frequency of occurrence (FO) pattern value (column 4), the minimal difference in the FO pattern value (column 5), the number of overrepresented pattern from pool1 in contrast to pool2 (column 6) and the top 5 of identified pattern of length 4.10.1186/s40659-016-0092-5 Pool specific amino acid pattern of length 5. Given is the sequence pool 1 (column 1) and sequence pool 2 (column 2), the separation capacity between pools based on hydrophobicity (column 3), the maximal difference in the frequency of occurrence (FO) pattern value (column 4), the minimal difference in the FO pattern value (column 5), the number of overrepresented pattern from pool1 in contrast to pool2 (column 6) and the top 5 of identified pattern of length 5.10.1186/s40659-016-0092-5 Normalized amino acid hydrophobicity values of evolved scale. Shown is the normalized hydrophobicity value of all 20 amino acids for the best real (scale 28), worst real (scale 40) corresponding to the five selected sequence pools and in silico evolved hydrophobicity scale as radar plot. Evo scale green squares; best real scale black circles; worst real scale red triangles.10.1186/s40659-016-0092-5 Correlation of amino acid hydrophobicity distance to evolution scale and separation capacity score of real hydrophobicity scale. Shown is the correlation via linear fit between the separation capacity for the 98 real hydrophobicity scales and the distance of hydrophobicity value of a single amino acid to the in silico evolved scale. The single amino acids are distributed to four graphs (A--D) concerning their slope of the individual linear fit. (A) Raising slope red; (B) slightly raising slope blue; (C) no raising slope black; (D) falling slope green.10.1186/s40659-016-0092-5 Distance of amino acids hydrophobicity values to evolved random scale. Given is the scale identifier (column 1) and scale separation capacity (column 2). Furthermore, for each amino acid (columns 3 to 22) the distance of the normalized hydrophobicity value to the evolved hydrophobicity scale value is shown.10.1186/s40659-016-0092-5 Organigram of improved hydrophobicity scales. Shown is the relation of hydrophobicity scales with respect to their origin. The dependencies (shown by directed graph) are based on exhaustive literature search. The green marked hydrophobicity scales were included in our study and the red ones not.10.1186/s40659-016-0092-5 Influence of convex envelope on volume and number of peptides. Represented is the reduction of volume and number of peptides per structure pool (column 1; number of all peptides within the pool, column 2) in percentage for all scenarios with n = 5 dimensions in average (columns 3, 4), in minimum (columns 5, 6) and in maximum (columns 7, 8).
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